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SKIN ABSORPTION 
ENHANCEMENT BY PHYSICAL 
MEANS: HEAT, ULTRASOUND, 
AND ELECTRICITY 
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There have been a number of comprehensive reviews on the subjects of drug 
inere nave «u rrt ,; P h the skin by iontophoresis (Harns 1967, 

r^S^^^fcSetV 1988; Singh and Roberts 

985- ^ and Agxawala 1989; Ghosh and Banga 1993; Kost 1993). The ob- 
^ rf tlTctoer is to selectively discuss some of the important aspects 
^ Xs ^ — f enhancing drug permeation through the 

n P Tmav help to provide additional informauon on certain less 
noticed a" * such as the effect of thermal energy on percutaneous drug ab- 
notaced areas sue Qns Some recent adva nces in the use of 

ScS Z — " for transdermal drug delivery (TDD) will also 
be Shted An attempIwiU be made to link the basic prinaples uivo ved 
wi^r^ental evidences in order to help the reader better understand 
and fully utili2e these useful modalities. 

CHEMICAL PHYSICAL DRUG PERMEATION ENHANCEMENT 

One of the primary functions of human skin is to act as a barrier to prevent 
2T£Tfa» Sag water into the environment and to block the entry of 
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any exogenous chemicals into the body. In this sense, it is not so "natural" to 
administer a drug through intact skin to achieve either a local (topical) or a 
systemic (transdermal) therapeutic effect. The barrier function is attributed 
primarily to the outermost layer of keratinized dead cells of the stratum 
comeum (Scheuplein and Blank 1 97 1). In order to transport a drug across the 
skin barrier, one needs to rely on at least one of several energy forms. 

The energy form almost always involved in skin permeation is the chem- 
ical potential of a transported drug. The chemical potential of a substance of 
interest is defined in thermodynamics as the partial molar free energy of the 
substance. The difference between the chemical potentials of a drug outside 
and inside the skin is the energy source for the skin permeation process. 
Since the chemical potential of a drug is closely associated with its concen- 
tration, we may regard the drug concentration gradient across the skin bar- 
rier as' the driving force for skin permeation by passive diffusion. Drug 
molecules or ions diffuse through the stratum comeum, driven by the higher 
drug concentration on the skin surface, to reach the targeted sites in the vi- 
able epidermis and dermis, and are absorbed by the dermal microvasculature 
into the systemic blood circulation. The factors influencing the simple pas- 
sive diffusion process are the applied drug concentration; the size of the drug 
molecule, which defines the drug diffusivity in various layers of the skin, 
most importantly, in the stratum comeum; and the affinity of the drug to- 
ward the lipophilic stratum comeum, usually expressed as the partition co- 
efficient of the drug between an oily phase and an aqueous phase. Rck's first 
law for steady state diffusion states (Martin et al. 1983): 

dM _ DK(C d -C r ) (eq. 1) 

J ~Adt h 

in xvhich /is the flux, Mis the amount of a permeant transporting through a 
cross-section area, A. of a membrane barrier in time t, D is the diffusion co- 
efficient. K is the partition coefficient, Qis die permeant concentration at the 
donor side or the upstream of the diffusion process, C r is tine permeant con- 
centration at the receptor side or the downstream, and A is the thickness of 
the membrane. 

Because human skin, more specifically, the stratum comeum, is such an 
effective barrier, only a very small number of drugs can easily penetrate 
through in therapeutic quantities. Nitroglycerin, scopolamine, hydrocorti- 
sone, betamethasone, benzocaine, and lidocaine are a few examples. A great 
deal of research has been conducted during the past two decades searching 
foT means to enhance drug penetration into the skin. As shown in Equation 1, 
the flux of drug permeation through the skin (/) can be increased by vary- 
ing any of the three parameters on the right-hand side of the equation 
(i.e„ the difference in the drug concentrations at both sides of the skin 

1 
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internal energy, which implies accelerated thermal movement of particles, re- 
sulting in an increased drug diffusion coefficient. The high temperature of a 
system also influences the drug concentration gradient by improving the 
slow kinetic processes of drug dissolution and by increasing drug solubility 
in the donor solution (Q). 

Heat has an effect on the human sensory system and has a direct impact 
on dermal blood circulation. The skin responds to applied heat or elevated 
environmental temperature by dilating blood vessels and increasing blood 
flow (Lehmann and De Lateur 1990a), which accelerates the removal of drug 
in the skin (i.e., reducing C r in Equation 1), thus leading to increased drug 
permeation 

Skin Temperature Site Variations 

Skin temperature is influenced by many factors, including anatomical site, 
age, certain disease conditions, clothing, environment temperature, and so 
on Figure 10.1 shows the distribution of tissue temperature in the human 
body after exposure to cold and heat (Wenger and Haxdy 1990). Using a ther- 
mal imaging technique, Ring (1995) obtained the distribution of skin tem- 
perature of a male subject after 20 minutes in ambient temperature. It was 
found out, even under a relatively normal environmental temperature, that 
the skin temperature may vary from 24°C to 36'C depending on the anatom- 
ical location. Under more extreme environmental conditions, such as direct 
exposure to the wind in the winter and the sun in summer, a much greater 
variation of the skin temperature is certainly expected 

Effect of Temperature on In Vitro Drug Permeation 

The effect of temperature on membrane permeation of drugs under asym- 
metric temperature conditions was investigated to mimic constant body 
temperature and varied environmental temperature (Tojo et al. 1987). Des- 
oxycorticosterone and testosterone were used as the model permeants and 
silicone membrane as the model barrier membrane. Saturated drug suspen- 
sions were used as the donor solution The in vitro permeation study was set 
up in such a way that while the receptor chamber temperature was main- 
tained constant at 37°C, the donor chamber temperature varied from 10, 20, 
30, 37, 50, and 60°C in each permeation experiment. The permeation results 
are shown in Figures 10.2a and 10.2b. As expected, drug permeation was di- 
rectly related to donor temperature. It was found that using the membrane 
temperature (the average temperature of the donor and receptor chambers) 
as the system temperature, the Arrhenius relationship holds for the drug 
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of Tissue Temperature and Isotherms in the Body 




COLD WARM 

A: After exposure to cold. B* After exposure to heat. Reproduced with permission from 
Wenger and Hardy 11990). 

permeation results from both the symmetric as well as the asymmetric tem- 
perature designs. Thus, the diffusion coefficient change as a function of sys- 
tem temperature may be expressed as follows: 



D= D 0 exp 



-E, 



(eq. 2) 



RT ft T-l 



where D 0 is the drug diffusion coefficient in the membrane at I 0 (310.15 P - 
37'Q R is the gas constant, and E d is the activation energy for diffusion. 

The temperature effect on skin permeation of nitroglycerin was recently 
studfed in vitro using hairless mouse skin (Momii .et al 1995). The donor 
chamber temperature was set at 12, 22, 32, 37, and 42°C in each permeation 
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Figure 10.2. Permeation Profiles of Desoxycorticosterone (2a-upper 
figure) and Progesterone (2b— lower figure) Through Silicone Membrane 
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The different markers represent the experimental data from various donor temperatures 
as indicated by the numbers: the ines represent calculated values. Reproduced with 
permission from Tojo et al. (1987)'. 
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TTgure 10.3. Mean PlasnTa Concentrations of Glyceryl Trinitrate (CTN) 
(n = 12) 
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ereometer exercise, there was a- decrease in skin temperature due to sweat- 
ing (down to 33 3-C). The investigators concluded that the skin temperature 
wis not the sole determinant for the significantly enhanced skin absorption 
of the drug They attributed the increased drug uptake primarily to vasodi- 
lation and increased blood circulation. It is possible that other factors also 
played an important role. For example, sweating might have accelerated 
the stratum comeum hydration, and thus, might have increased the drug 
diffusion coefficient D in the stratum comeum (Equation. 1). Elevated tem- 
perature of the transdermal patch in the sauna treatment might have increased 
the drug solubility Q, hence its concentration gradient and the dnving force 



• i 




' Transdermal and topical Drug Delivery Systems 



for drug permeation. This may provide an explanation as to why the much 
higher plasma drug concentration in the sauna treatment was observed as 
opposed to the exercise treatment, since skin vasodilation was present in 

both cases. , . . , 

Similar results were recendy reported on the effect of physical exercise on 
Plasma nicotine concentration in 8 healthy subjects treated with a nicotine 
transdermal patch (KJemsdal et al. 1995). After 1 1 hours of patch application, 
plasma nicotine concentrations were measured before and after 20 minutes 
of moderate bicycle exercise, or 20 minutes of rest. Mean plasma nicotine 
concentration increased from 9.8 to 1 1.0 ng/mL during exercise, as compared 
to the unchanged control during resting (from 10.5 to 10.2 ng/mL). Again, the 
increased skin absorption of nicotine was attributed to the exercise-induced 
increase in skin blood flow at the patch application site. 

These in vitro and in vivo studies demonstrated that elevated surround- 
ing temperature did cause increased skin permeation of the drugs, indicating 
the potential risk of drug toxicity by overdose. On the other hand, one may 
take advantage of the thermal energy-enhanced percutaneous absorption to 
increase topical drug delivery and TDD. 

Use of Thermal Energy for Skin Absorption Enhancement 

It is intuitive that applying heat to a skin area to which a topical drug has 
been applied would enhance drug 'absorption. Physiotherapists have a long 
history of combining topical drug applications with thermal treatment. In 
China, for example, it is a common practice to place a thermal pad over a 
plaster containing certain medicaments, such as local anesthetics, as an anec- 
dotal ^vay of enhancing the efficacy of the drug. The common superficial 
heating systems include an infrared lamp and infrared heating pad, the hy- 
drocollator pack, a rubber heating bottle, an electric heating pad, and chem- 
ical packs.' The chemical packs currendy available are in flexible containers 
in xvhich, by removing the container, a compartment is broken. The subse- 
quent mixing of the ingredients causes exothermic chemical reactions, thus 
producing heat (Lehmann and De Lateur 1990b; Orenberg et al. 1986). 

A patented transdermal device design makes use of thermal energy 
for the enhancement of TDD (Konno et al. 1987). Figure 10.4 shows the 
structure of the self-heating transdermal patch. When the seal at the back of 
the patch is removed to expose the iron powder in the heating chamber to 
the air and water, the resulting exothermic reaction provides the heat 
to soften die low-melting wax in the drug reservoir and to facilitate 
percutaneous drug absorption. Another U.S. patent described a similar ap- 
proach (Argaud 1990). 
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Feure 10.4. A Selt-Heating Transdermal Patch from 
U.S. Patent 4,685 t 91\_ — . — 
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enhancing technique appears so fax underappreciated. 

PERMEATION ENHANCEMENT BY ULTRASONIC ENERGY 
Phonophoresis (Sonophoresis) 

Ultrasound Ls a form of acoustic vibration propagated in the form of longitu- 
S compression waves at frequencies beyond the human audable range 
affrequS above 20 kH*** form of energy is used e— ty - 
*Z ^Tapnosis as well as in therapeutic applications, such as phys o- 
*^py X-s Id^Le (Griff* 1982). Phonophores* is defined as the 
movemem of Lgs through intact skin and underlying soft tissues under the 
Xnc of an ultrasonic perturbation. Ctoical experiences have demon- 
Sed AaV phonophoresis is a safe technique for enhancing drug adnum - 
on and ts effective in clinical applications when used -tha pxope 
frequency power level, and duration. Some recent research efforts m this 
aTel have been directed to elucidate the mechanism of phonophoresrs and 
: ^ applications in peptide and. protein drug delivery (McElnay 
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et al 3993; Bommannan et al. I992a,b; Simonin 1995; Mitragotri et al. 
I995a,b). 

A hypothesis was proposed by McElnay and coworkers (1993) that 
phonophoresis increases drug permeation through the skin by disordering 
the structured lipids in the stratum corneum. The in vivo experimental re- 
sults obtained with 10 healthy volunteers treated with methyl nicotinate un- 
der phonophoresis appears to support this hypothesis. Phonophoresis of 
3.0 MHz, 1.0 W/cm 2 continuous output resulted in increased percutaneous 
absorption of the drug, which existed for a period after the ultrasound treat- 
ment had ceased. 

Bommannan et al, (1992b) showed strong experimental evidence to sup- 
port the notion that ultrasound treatment disrupts the stratum corneum and 
increases the intercellular transport of drugs as a mechanism of phono- 
phoresis. Using a colloidal tracer, lanthanum hydroxide, and high frequency 
ultrasound of 10 or 16 MHz in vivo on hairless guinea pig skin, they obtained 
electron micrograms showing that the tracer penetrated through the stratum 
corneum and the underlying viable epidermis via an apparently intercellular 
route (Bommannan et al. 1992b). It was demonstrated that the tracer was 
able to be transported through the epidermis to the upper dermis with re- 
markable speed of only 5 minutes of the ultrasound treatment. In a separate 
study using salicylic acid as a model drug (Bommannan et al. 1992a), the 
same group of researchers demonstrated the following: 

1. Ultrasound treatment of high frequencies significantiy increases the 
skin permeation of salicylic acid as compared to the passive diffusion 
control without phonophoresis. 

2. Pretreatment of the skin with ultrasound lowered the skin barrier 
function such that the subsequent salicylic acid delivery was en- 
hanced in comparison to the passive diffusion control 

3. Ultrasound did not alter the release kinetics of salicylic acid from the 
gel formulation used. 

All of these results indicate that the skin absorption enhancement by 
phonophoresis is a direct effect of ultrasound on the stratum corneum. 

Simonin (1995) offered an in-depth critical review on the mechanism of 
phonophoresis. Several previously proposed mechanisms were examined, 
namely, the thermal effect, boundary layer reduction, acoustic pressure, de- 
crease of the donor solution-membrane interfacial potential energy barrier, 
and cavitation. It was believed that although increased temperature would 
lead to enhanced skin permeability, the direct temperature effect on the dif- 
fusion coefficient was less than 20 percent due to the rather small increase 
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fa« the dmg diffusion process. For 
acoust* ehergy-facuitated permeation process pkCe m 
the follicular pathways, such as sweat glands and hair follicles 

A study was conducted to evaluate the relationship of skin permeauon 
enh^nSmem and various ultrasound-related phenomena, including cavita- 
v^held effects generation of connective velocities, and mechanical ef- 

hets^ated human epidermis membrane. The ultrasound parameter 
u5ed were within the therapeutic ultrasound range (i.e. ( frequency: 1-3 MHz 
Td mtensity- 0-2 W/cm*) The results indicated that among all the ultra- 
"un^ eS' evaluated, cavitation appeared to play the dominant role m 
ZiSScLted TDD. Figure 10.5 shows that estradiol permeation^ .as 
IL by the application of ultrasound as compared to passive diffusion 
comroUt is clear from the graph that drug permeation enhancement by ul- 
u^ound followed a time-dependent reduction (i.e., initially high) then grad- 
X Sed over a period of 6 hours. It was 

observed reduction in estradiol permeation was due to the degassing ofthe 
Sud surrounding the skin by the continuous ultrasound treatment D*- 
Xed air is necessary for cavitation. If cavitation was an important condition 
fo phonophoresis, weakened cavitation by degassing the medium would re- 
duce Z permeation enhancement. The experimental conditions were mod- 
Ld to verify the hypothesis. During this permeation experiment, both donor 
td r^eptoT media were aerated every hour by bubbling air through them 
for 5 minutes. The results in Figure 10.6 confirmed the importance of au 
content in the medium: drug permeation in the aerated mediurr .remained 
high, in contrast to the leveling off in the solution not aerated. Another 
investing observation made by the same group of investigators was that a 
inierebims « „ fmOTlT n M H? 2 W/cm 2 ) to a piece of skin, that 

30-minute ultrasound treatment (1 MHz, z w/cm ; ^ r 
had been soaked in a fluorescence solution for 5 days caused the bleaching 
of fluorescence in the keratinocytes, but not fluorescence in *e mterceUular 
lipids The bleaching of fluorescence was attributed to the possable formation 
Xdrogen pen** generated by the applied ultrasound. It was, therefore, 
concluded that ultrasound induces cavitation in the keratinocytes. 

Ultrasound-mediated transdermal delivery of protein drugs was recently 
reported (Mitragotri et al. 1995a). In the in vitro experiments. 
ultrasound (20 kHz. 100 ms pulses applied every second) was applied to ±t 
heat-separated human epidermis from the side of donor solution with the 
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Figure 10.5. Variation of the Transdermal Estradiol Flux with Time 
During Ultrasound Exp osure 
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(l MHz 2 W/cm 2 i Key; filled Circle, in the presence of ultrasound; empty circle, in the 
absence of ultrasound (passive controls). Typical error bars (SD) are shown on one data 
point. Reproduced with permission from Mitragotri et aL () 9S5b]. ^ 



intensities in the ranges of 1 2.5-225 mW/crn^ for 4 hours. Three protein drugs 
evaluated were insulin (MW ~ 6,000), interferon gamma (IFN-T, - 17,000) 
and erythropoietin (MW - 48,000). Ultrasound application induced signifi- 
cant transdermal permeation of all the protein drugs tested The permeabil- 
ity of heat-separated human epidermis to insulin with ultrasound intensity 
225 mW/cm 2 is 3.3 x 10- 3 an/Ar, to IFN-r 8 x 10~ 4 cm/hi, and to erythro- 
poietin 9.3 x 10-* cm/hr. Figure' 10.7 shows the in vitro permeation profiles, 
of insulin at various ultrasound intensities. It should be noted that transder- 
mal administration of therapeutic quantities of protein drugs would be 
achieved by ultrasound-facilitated transdermal delivery if the in vitro results 
with human epidermis membrane can be reproduced in vivo in humans. The 
results from this in vivo anima experiments appear promising. The use of 
low-frequency ultrasound to deliver insulin into the skin of diabetic hairless 
rats effectively corrected hyperglycemia. 
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Effect of Ultrasound Frequency on Phonophoresis 

Given the profound implication that protein drugs with molecular sue up to 
4^000 daltoL can be delivered transdermal^ in therapeutic quantjues, the 
X of Sound frequencies on phonophoresis clearly merits a thorough 
^on Most medial applications use- ultrasonic frequences between 
0 75 MHz and 15 MHz. For example, physiotherapy uses l-o MHz diagn os 
nc 1-10 MH2 and general ultrasonic 4-8 MHz (Sun and Liu 1994). It s 
Lin ^ the peneLion ability of ultrasound into soft tis** s * aversely 
oZo^onal to Is frequency (e.g., at 0.09 MHz, approximately 50 percent of 
a ouS en rgy peneUs to 10 cm depth; with 1 MHz. 5 cm; and with 
4 MHz lytol cm). Griffin and Touchstone (1972) studied the effect 
of ul— frequency on phonophoretic delivery ofM = 
pig skin in vivo (1 W/em* 17 min). Among five different frequencies 
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Figure 10.7. Insulin at Various Ultrasound Intensities 
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(A) Time variation of the amount of insulin transported across human skin (in vitro) in 
the presence of ultrasound (20 kHz. 100 ms pulses applied every second) at 1 2.5 (filled 
square), 62.5 (filled diamond), I 25 (filled circle), and 225 mW/cm 2 (filled triangle) (n - 
3 or 4: error bars, SD). (B) Variation of the transdermal insulin (in vitro) with ultrasound 
intensity (20 kHz. 100 ms pulses applied every second) (n - 3 or 4; error bars. SD). The 
skin is impermeable to insulin at an ultrasound intensity of 0. Reproduced with permis- 
sion from Mitragotri et'al. (1 995a), 



investigated (i.e., 0.09, 0.25, 0.5, 1.0, and 3.6 MHz), 0.25 MHz ultrasound 
yielded the highest mean hydrocortisone concentration in tissues, and 
3.6 MHz yielded the second highest value, whereas 1.0 MHz, the frequency 
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used most «»* m phytotherapy. d*«U 
dzocortisone. An uncomfortable sensauon «u found «£«0 r 

0, 5 MHz f^^XZ^X^^ fol — 
eatois to choose the a.6 MHz frequency is_ m f J d inte „si t y 

Lai po.sib.Hty of causing skin ^.^"^^ Studies by Mi- 
- " * jC£ 3 4 ht XfS* »d Touchstone 

teniial haza^ assorted ^fl^n e imined (Walmsley 1938). 

operate at frequencies of 25-42 kHz wer v_ 

thorough safery evaluation on the use of low frequency uitr 
«b^«*~*r2- te low taiency ultrasound in their 
v 3 on it h ^is rzra, ncavitado^ Plays an important role in 

rapioiy hieher skin permeation of a drug. On tne 

cause more cavitation and ^ MHz ultrasoun d based 

Lmtrdt uled u . asound frequency in physiotherapy and sports Btedtcme 
Tl M«t 5. frequency was densely J --"^ 



promise 

is i MHz. This frequency was aeiiw^j «p — - £ 
lencv between those that produce predominantly thermal effect, (2 MHz 
ffitaM those that produce nonthermal (mechanical and/or cherm- 
S5 «Sf as thermal effect. (500 kHz or lowej) in 

r7,nd Karselis 1988) It is possible that the skin permeation enhancement 
obs ^u' ow fluency ultrasound and ^ frequency ultrasound s 
tough two different mechanisms. This subfct clearly merits further in- 

VeSt fr^°ical experimental setup for in vitro phonophoresis is shown m Fig- 
lliS ure loTTheu^^nd prob/is a transducer kat converts ^frequency 

'^m: ^mating vohage into acoustic vibrations using a piezoelectric crystal. 
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Figure 10.8. A Schematic Diagram of a Typical Experimental Setup for 
In Vitro Phonophoresis Study 
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Reproduced with permission from Kost et al. (1 991] 
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Contacting the ultrasound probe with the drug solution in the donor 
compartment provides the pathway for the ultrasonic energy to reach and to 
perturb the skin membrane. In vivo experiments are usually conducted in a 
similar way, except that the pulsed ultrasound (i.e., discontinuous wave- 
forms) and/or moving sound head techniques are often used to reduce the 
ultrasound dose for minimal tissue damage. 

PERMEATION ENHANCEMENT BY ELECTRIC ENERGY 

Iontophoresis 

Using electric energy to deliver drugs into the skin for medical treatment has 
a very long history. According to a comprehensive review on the history of 
electric therapy (Licht 1967), the first attempt to administer a medicine (an 
antiapoplectic drug) into human skin in vivo by electricity was made in 1747 
using a Leyden jar, the simplest and earliest form of a capacitor for storing 
electric charges. In 1833, 51 years before the theory of electric dissociation 
was published by Arrhenius, Fabre-Plaprat used a direct current to adminis- 
ter quinine, to cure quartan fever and. iodine to treat sarcocele. Since then, 
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^"on ^^technique. brought iontophores* research to the 

fr ° n l r^ical experimental setup for in vitro iontophoresis is shown in Figure 
10S H e oTsS mounted between the two compartments of side-by- 
i^%Xon cells. Two conductive electrodes are immersed in the donor 



Figure 10.9. A Schematic Diagram of a Typical Expenmental Setup for 
In Vitro Iontophoresis Study . 
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and receptor solutions. The power source is connected to the electrodes by 
proper polarities, according to the charge carried by the ionic drug species to 
be delivered. The electrodes are usually made of noble metals, such as plat- 
inum, or composed of silver coated with its haiide salts, such silver chloride 
or silver bromide. The use of Ag/AgCl or Ag/AgBr electrodes has an advan- 
tage over the platinum electrode in that the electrolysis of water is prevented, 
as a consequence, the solution pH will not shift. A typical in vivo ion- 
tophoresis system is shown in Figure 10. 10. 

In terms of the experimental setup, electro-osmosis is almost identical to 
that for iontophoresis. When delivery of a nonionic drug is of concern, the 
donor compartment is charged with the drug solution, and the solution pH 
and electric polarity of the electrodes are arranged in such a way that the ap- 
plied electric field results in an inward movement of the fluid into the skin. 
If the sampling of biosubstances is the objective, the arrangement is reversed. 
The content of the "donor" compartment is analyzed for the biosubstance 
carried out by the outward movement of the fluid, being either "receptor" 
fluid in in vitro experiments, or interstitial fluid in in vivo studies. In electro- 
poration studies, the basic experimental setup remains the same while the 
output of the power source changes to high voltage and short pulses. 

Electroporation 

Electroporation is a phenomenon in which the membrane of a cell exposed 
to high- intensity electric field pulses (up to several hundred volts for 



Figure 10.10. A Schematic Diagram of a Typical Experimental Setup for 
In Vivo Iontophoresis Study 
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Reproduced with permission from Liu and Sun (I 994). 
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m icro or milliseconds) can be temporarily destablized, thusbecormng highly 
^ZZTT^ons molecules in the surrounding media. Electropora- 
f r^av b redded as a micromjecuon technique and, therefore, has been 
"en i ^ 

e al 1992) and occasionally, into living cells in vivo (Titonurov e . al. 1 
A research ■team at MIT (Weaver ex al. 1989; Prausnitz et al. 199.) was the 
A researcn i electroporation increased drug permeation through 

S^SST^S^md human epidermal membrane in vitro 
and taSlels rat skin in vivo, they reported a flux increase u P to 4 orders of 
inhude for 3 polar model compounds with charges between -1 and -4 and 
Tl^lkZX^y -er 1000 dahons. The electroporation condiuons 
^"tLvs: an exponenual-decay pulse (exponential-decay ume 
constant - 1 0-13 msec) was applied every 5 seconds for 1 hour, the elec- 
•c v'taje ranged from 0 to 500 volts. It was found that a t™ pomt 
mtht exl at about 100 V, below which flux increase was reversible (,e., dan 
Wer function recovered after cessation of electroporation), and above 
v k Effects were only partially reversible. The effect of electroporauon 
^^S^SffidJ (623 daltons, -4 charge) through the bu- 
rnt eo'ernL membrane is shown in Frgures lO.lla-d (Prausnitz et al. 
?994) Th ^gures dearly show charactenstically rapid response of perme- 
mLtotl'e electric pulse (i.e.. rn seconds to mmutes). A recent report from 
h sam research group (Edwards et al. 1994) provided a theoretical analy- 
sis of electroporauon for TDD under two electroporauon condmons (i.e., at 
ll and large transdermal voltages). In this model, charged molecules -ere 
cohered transporting through existing shunt routes of the stan at trans- 
dermal voltaee < 100 V. When transdermal voltage was greater than 100 V. 
^™ o'cyte pathway was also accessible to charged molecules as 
Zi b^yerTwere electroporated. The available experimental results com- 
pared drably with the respective theoretical predictions in the respective 
small and large electrical field strengths. 

Reverse Iontophoresis and Noninvasive Diagnostic Applications 

in another study conducted by Fabre-Plaprat in the early 17th century (licht 
196? hydroiodate was placed on the skin of one arm. and a starch solution 
on the oLr. Upon application of electric current, Fabre-Plaprat claimed that 
■oL was delivered into the body, reached the skin of the other arm. and re- 
acted with the starch. This was probably the first attempt on noninvasive 
sampling of chemical substances from the skin by electncity now Imown 
as reverie iontophoresis sampling. Electncally adrninistered rodide wa, later 
recovered in both the urine and saliva by another scientist in a separate 
study. 
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Figure 10.11. Time Profiles of Transdermal Transport of Calcein Due to 
Electroporation at Different Voltages 
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(A] Transdermal flux due to pulsing ac 1 pulse per minute (ppm) for 1 hr. 270 V (solid 
line), 1 35 V (dashed line). 115 V (dotted line). (B) Data in (A) with the time axis expanded. 
(O bate in (A) replotted as cumulative calcein transported, from calculation of steady 
state lag times, indicated by the time-axis intercept. (D) Data in (C) with time axis ex- 
panded, to show transport onset time. Reproduced with permission from Prausnitz et al. 
(1994). 



The use of reverse iontophoresis for noninvasive sampling of biosub- 
stances is an interesting, and potentially veiy important, application of the 
electro-osmosis technique. Benjamin et al. (1954) described the use of reverse 
iontophoresis to obtain interstitial fluid in a noninvasive manner for the 
analysis of tissue electrolytes. With a device setup Similar to that shown in 
Figure 10.10, the authors conducted reverse iontophoresis tests on 98 human 
subjects, and subsequently analyzed the amounts of sodium and potassium 





^1 




■fell' 



4ir -.•;:%/ 



Skin Absorption Enhancement by Physical Means 349 

extracted from the skin. The results were reproducible. The application of re- 
^ i ntophoresis for noninvasive glucose -ru^g - ^ en^vesu 
£ ated with promising results (Heil and Kadera 1989; Ghkfeld et al. 1989, Rao 
ft al 1993 Glikfeld et al. 1994). If reverse iontophoresis can serve as a means 
of e glucose monitoring with good reproducibility, it will have a 

tremendous impact on diabetes management. 

COMBINATION OF DIFFERENT ENHANCEMENT METHODS 

Combining different enhancement methods can further improve drug per- 
"through the skin. A recent study (Bommannan et al. 1994 repo^d 
the use of electroporation in combination with jontophores* for the^rans 
dermal delivery- of luteinizing hormone release hormone (LHRH, 1182 dal 
tons) The experiments were conducted in vitro using human epidermis 
membranes Comparisons were made between iontophoretic LHRH flux ob- 
^dTc^nemLensity rang*g from 0 to 4 mA/cm*. with and without 
electroporative electric pulse (1000 V, T = 5 msec). The results indicated that 
the application of a single electroporative pulse prior to 30-mmute ion- 
tophoresis consistently yielded 5-10 times higher flux than iontophoresis 
alone (Figure 10.12). The LHRH flux at two hours after iontophoresis 
decreased to a value significantly less than the maximal value obtained 
during iontophoresis, approaching the pretreatment value. These results 
surest diat a combination of electroporation and iontophoresis, with the 
former transiently altering the skin permeability to the drug, and the latter 
providing the primary driving force to the permeation process, would allow 
the enhanced delivery of peptides that cannot be effectively delivered by 
other transdermal means. Kost et al. (1996) showed that the combination of 
ultrasound and elecuic field brought about a synergistic effect on the trans- 
dermal transport of two model compounds, calcein and sulphorhodamine. As 
shown in Figure 10.13, much higher sulphorhodamine flux through heat- 
separated human epidermis was obtained during simultaneous application of 
ultrasound and electric field than the presence of electiic field alone. 

FUTURE DIRECTIONS 

More work must be done to elucidate the underlying mechanisms for the 
methods of physical skin permeation enhancement, especially for 
phonophoresis and electroporation. The combination of different enhance- 
ment methods for an additive or synergistic effect is a logical expansion of 
current research activity in this field. Carefully designed experiments must 
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Figure 10.12. lontophoretic Flux of LHRH (mean ± SD) 
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Shows nonlinear increase with current density with (filled circle] and without (empty 
circle) a pulse, p s 0.01 for all current densities (except 3.0 mA/cm 2 . p < 0.2) when flux 
with and without pulse are compared. Reproduced with permission from Bommannan 
etal. (1994J. 



be conducted to examine the possible side effects associated with these 
methods, and to define a safe, yet effective, range in utilizing these energy 
forms for percutaneous drug delivery. Since most of the clinical evidence 
showing the effectiveness of the physical enhancement methods was from 
case studies, well-designed clinical Investigations with proper controls are 
clearly needed to provide the documentation required for any products based 
on the technologies. Finally, it is a challenge to the drug delivery scientist to 
invent the ultimate TOD system that is effective, safe, user-friendly, cost- 
effective, as well as powerfully versatile (e.g., microchip controlled for com- 
plex drug delivery patterns). 
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Figure 10.13. Time Variation of Sulphorhodamine Flux 
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In the presence of electric field alone (X) and during simultaneous application o\ ultrasound 
and electric field (0). Ultrasound was ON all the time (01. Electric voltage was turned ON 
at time 0 and was OFF at ) hour in' both cases (O as well as X). Presented as means and 
SD of at least three repetitions. Reproduced with permission from Kost etal. (1996). 



SUMMARY 

Passive topical and transdermal drug delivery has been the generally recog- 
nized convention for the local or systemic administration of drugs, respec- 
tively, for many decades. New groundbreaking technologies have been 
developed for the enhancement of drug delivery by the use of various phys- 
ical means. Variations in skin temperature have been shown to correlate with 
regional variations in percutaneous drug absorption. The advantage of this 
fact has led to enhanced drug delivery systems utilizing thermal energy in 
the form of local heat applied to the skin to facilitate drug absorption. Ultra- 
sonic energy delivered from devices is being used to enhance therapeutic 
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efficacy in the treatment of local conditions by a process of phonophoresis 
and sonophoresis. More recently, new technologies and devices have been 
developed, whereby drug permeation enhancement for transdermal adminis- 
tration is being employed for the treatment of systemic diseases These forms 
of electrically assisted drug delivery systems (i.e., iontophoresis and electro- 
poration) alone or in combination with chemical permeation enhancers may 
provide new possibilities for the transdermal delivery of drugs that could not 
be delivered by passive means in the past. 
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